Experimental autoimmune encephalomyelitis (EAE) is a Th1-mediated demyelinating disease of the CNS with similarities to multiple sclerosis. We and others have shown that a short-term course of anti-CD154 mAb treatment to block CD154-CD40 interactions can be used to prevent or even treat ongoing PLP139-151-induced relapsing EAE. However, little is known of the long-term effects of CD154 blockade on the development of antigen-specific T cell function. Here, we show that shortterm treatment with anti-CD154 at the time of PLP139-151/CFA immunization inhibits clinical disease for up to 100 days after immunization. At this point, comparable numbers of Th1 cells are observed in anti-CD154 and control Ig-treated mice, as assessed by antigen-specific ELISPOT assays. Thus, the long-term Th1/Th2 balance is largely unaffected. Inflammatory responses are diminished in anti-CD154-treated mice, as indicated by reduced in vivo delayed-type hypersensitivity and reduced levels of splenic IFN-γ secretion in vitro. However, upon adoptive transfer of T cells isolated from the spleens of anti-CD154-treated mice, these cells contributed as effectively to clinical disease as those obtained from control-treated mice. Thus, anti-CD154 therapy leads to long-term therapeutic efficacy without exerting a long-term influence on Th1 development.
Introduction
Experimental autoimmune encephalomyelitis (EAE) is a CD4 Th1-mediated autoimmune CNS demyelinating disease with clinical and pathologic similarity to the human disease multiple sclerosis (MS) (1) . Immunization of SJL mice with myelin proteins or their encephalitogenic peptides in CFA leads to the development of relapsing EAE characterized by moderate to severe hind limb paralysis during the acute disease episode, followed by remission and then spontaneous disease relapse (2) . While the etiology of MS is unclear, epidemiologic evidence suggests a possible infectious origin (3, 4) , which may lead to autoimmunity by a variety of potential mechanisms (5) . Current therapeutic strategies for MS are of limited efficacy and complicated by the complex nature of the disease immunopathology.
Blockade of the CD154-CD40 ligand pair interaction is an immunoregulatory strategy that has been used successfully in numerous autoimmune disease models including EAE (6) (7) (8) (9) (10) (11) (12) . CD40 is constitutively expressed by dendritic cells, B cells, monocytes/macrophages, and other immune cells as well as some endothelial and specialized cells (13) . The ligand for CD40, CD154, has a more restricted expression pattern that is transiently upregulated on activated T cells (14) . The CD154-CD40 ligand pair plays a central role in the development of the immune response (14) and in T cell effector function (15, 16) and is critical to sustaining the immune response (17) (18) (19) (20) . Specifically, during Th cell differentiation, CD40 ligation has been linked with the upregulation of IL-12, which itself may result in Th1 skewing (21, 22) . We previously showed that anti-CD154 therapy is effective in both preventing EAE and treating ongoing disease (8) , not by inducing Th2 skewing, but rather by delaying the peak and diminishing the amplitude of the myelin peptide-specific Th1 response (16) . We proposed that the eventual development of Th1 cells might be due to CD40-independent routes of IL-12 induction (23) . Both B cell and dendritic cell survival and maturation are dependent upon CD40 ligation (20, 21) , resulting in the diminished or absent immune responses observed in CD40 knockout mice (21) . Finally, it has been shown that CD40 ligation is critical for effector functions of both CD4 and CD8 T cells (15, 16, 21, 24) .
Currently, the long-term effects of CD154 blockade are unknown. While we demonstrated that CD154 blockade can inhibit both initiation of EAE and ongoing disease over a short period of time (8) , the longterm effectiveness of this therapy on clinical disease and on the development of antigen-specific immune responses is not known. Furthermore, little is known about the functionality of Th1 cells that differentiate under this therapeutic strategy: are these cells functionally different and less able to contribute to clinical disease at some future stage? In this paper, we examine the long-term efficacy of CD154 blockade in preventing the induction of EAE. We show that short-term treatment with anti-CD154 at the time of PLP139-151/CFA immunization was effective at inhibiting clinical disease for up to 100 days after immunization despite the fact that peripheral myelin peptide-specific Th1 responses were comparable in anti-CD154 and control antibody-treated mice. Additionally, and most importantly with respect to therapeutic strategies involving CD154 blockade, peripheral T cells in antibody-treated mice were fully capable of contributing to clinical disease in a cotransfer model, suggesting that their functional capacity to differentiate into effector Th1 cells was not affected.
Methods
Mice. Five-to six-week-old female SJL mice were obtained from Harlan Sprague Dawley Inc. (Indianapolis, Indiana, USA). Mice were housed under barrier conditions in the Center for Comparative Medicine at Northwestern University Medical School. Paralyzed mice were afforded easier access to food and water. DO11.10 congenic mice were bred within the facility and BALB/cAnNCr mice were obtained from NCI Laboratories (Frederick, Maryland, USA).
Peptides. PLP139-151 (HSLGKWLGHPDKF), PLP178-191 (NTWTTCQSIAFPSK), and OVA323-339 (ISQAVHAAHAEINEAGR) were purchased from Peptides International Inc. (Louisville, Kentucky, USA). Purities (>97%) were confirmed by mass spectroscopy.
Induction of EAE, immunization, and treatments. Active disease was induced by subcutaneous immunization with 100 µl of incomplete Freund's adjuvant containing 400 µg/ml of Mycobacterium tuberculosis H37Ra (Difco Laboratories, Detroit, Michigan, USA) divided between the hind flanks and upper dorsal region. For in vivo activation of DO11.10 T cell receptor (TCR) transgenic T cells, 5 × 10 6 CD4 magnetic bead-purified T cells from a DO11.10 mouse spleen were transferred intraperitoneally 3 days prior to immunization. For EAE adoptive transfer experiments, draining lymph node cells were obtained 10 days after immunization and cultured at 8 × 10 6 cells per milliliter in the presence of 25 µM PLP139-151 peptide for 4 days. The blasts obtained from these cultures were transferred intraperitoneally at 2 × 10 6 blasts per naive recipient mouse. T cells were obtained from spleens of either control or anti-CD154-treated mice 30 days after immunization, and magnetic bead-purified using anti-CD90.2-coated beads, as per the manufacturer's instructions. We transferred 5 × 10 6 T cells intraperitoneally to naive recipient mice either alone or in combination with lymph node blasts obtained as above. For OVA323-339 peptide priming of BALB/cAnNCr mice, the same protocol was used with 500 µg/ml OVA323-339 peptide dosed at 100 µl per animal.
Purified anti-CD154 (MR-1) and hamster IgG were purchased from Bioexpress Cell Culture Services (Lebanon, New Hampshire, USA) and Caltag Laboratories Inc. (Burlingame, California, USA), respectively. SJL mice were treated four times with 200 µg of control hamster Ig or MR-1 antibody intraperitoneally in a total volume of 500 µl every other day starting at the time of immunization. BALB/cAnNCr mice were treated intraperitoneally 1 day prior to OVA323-339 immunization and each day after priming until day 3 with 200 µg of control hamster Ig or MR-1 antibody.
Clinical evaluation. Mice in treatment groups were evaluated daily for clinical signs of disease for up to 105 days after inoculation. Clinical severity was assessed on a 0-to-5 scale as follows: grade 1, limp tail; grade 2, limp tail and hind limb weakness (waddling gait); grade 3, partial hind limb paralysis; grade 4, complete hind limb paralysis; and grade 5, moribund. The data are plotted as the daily mean clinical score for all animals in a particular treatment group.
Serological evaluation of antigen-specific Ig production. Serum was obtained 25 days after immunization. ELISA was used for detection of antigen-specific antibody responses to PLP139-151. Briefly, Maxisorb plates (NUNC A/S, Roskilde, Denmark) were coated overnight at room temperature with 100 µl of PLP139-151 peptide at 5 µg/ml. Plates were washed and blocked with PBS containing 5% BSA and 10% normal goat serum. One hundred milliliters of 1:100 to 1:10,000 serial serum dilutions were then added to multiple replicate wells and incubated at room temperature for 1 hour and washed, and horseradish peroxidase-conjugated anti-mouse antibody (Caltag Laboratories Inc.) was then added. Wells were then washed and substrate solution added (tetramethyl benzidine substrate; BioFX Laboratories Inc., Owing Mills, Maryland, USA). The plates were read at 450 nm on a microtiter plate reader (Molecular Devices Corp., Sunnyvale, California, USA).
Delayed-type hypersensitivity responses. Delayed-type hypersensitivity (DTH) responses to PLP139-151 were quantitated using a 24-hour ear swelling assay. Prechallenge ear thickness was determined using a Mitutoyo model 7326 engineer's micrometer (Schlessinger's Tools Inc., Brooklyn, New York, USA). DTH responses were elicited by injecting 10 µg of peptide (in 10 µl of saline) into the dorsal surface of the ear using a 100-µl Hamilton syringe (Hamilton Co., Reno, Nevada, USA) fitted with a 30-gauge needle. Twenty-four hours after ear challenge, the increase in ear thickness over prechallenge measurements was determined. Results are expressed in units of 10 -4 in. ± SEM.
Histology. Anesthetized mice were sacrificed by total body perfusion with chilled 3% glutaraldehyde in PBS, pH 7.3. Spinal cords were removed by dissection, cut into 1-mm-thick coronal segments, post-fixed in 1% osmium tetroxide, dehydrated, and embedded in Epon as previously described (25) . Toluidine blue-stained sections from ten segments per mouse were read blindly and scored as follows: +/-, mild inflammation with-out demyelination; 1+, inflammation with focal demyelination; 2+, inflammation with multiple foci of demyelination; 3+, marked inflammation with bilateral, converging areas of demyelination; 4+, extensive bilateral areas of demyelination and remyelination.
T cell proliferation assays. Spleen and lymph node cells were obtained from mice at various stages of disease progression and dissociated cells were cultured in 96-well microtiter plates (Costar tissue culture; Corning Inc. Life Sciences, Acton, Massachusetts, USA) at a density of 5 × 10 5 viable cells per well as described previously (9) . Cultures were pulsed with 1 µCi of 3 H-TdR (ICN Radiochemicals Inc., Irvine, California, USA) after 72 hours and harvested at 96 hours, and 3 H-TdR uptake was detected using a Packard Topcount microplate scintillation counter (Packard Instrument Co., Meriden, Connecticut, USA). Results are expressed as mean of triplicate cultures ± SEM. Supernatants were harvested on days 1-4 and analyzed for IL-2, IL-4, IL-5, and IFN-γ by capture ELISA (Endogen Inc., Woburn, Massachusetts, USA) according to the manufacturer's protocol.
ELISPOT assays. Spleen and lymph node cells were obtained from mice cultured in 96-well microtiter ELISPOT plates (Whatman Polyfiltronics, Clifton, New Jersey, USA) that had been coated overnight with capture antibodies to IL-2, IL-5, or IFN-γ (BD Pharmingen, Mountain View, California, USA). Total cell numbers recovered were determined by use of a hemocytometer. ELISPOT cultures were carried out as previously described (17) . ELISPOTs were counted using an ELISPOT plate reader and software (Cellular Technologies Inc., Cleveland, Ohio, USA). At least four wells per sample were counted, and presented as a mean value.
Flow cytometric analysis. Three days after immunization of BALB/cAnNCr recipients of transferred DO11.10 cells, lymph node cells were harvested and analyzed for expression of various homing receptors by flow cytometry. Clonotypic KJ1-26 antibody and CD45 expression (BD Biosciences Pharmingen, San Diego, California, USA) identified DO11.10 TCR transgenic T cells. Cells were stained for expression of CD44, CD49d, and CD62L using antibodies, and for P-selectin ligand expression using a human IgG-P-selectin chimeric protein obtained from BD Pharmingen. In addition, E-selectin-Ig (a kind gift from Geoffrey Kansas, Northwestern University Medical School) chimeric protein was used to identify functional E-selectin ligand expression. Binding to cells was identified using secondary phycoerythrin-(PE-) or FITC-conjugated antibodies to human IgM and IgG, respectively (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA). Samples were run on a Becton Dickinson FACSCalibur flow cytometer, with a minimum of 5,000 DO11.10 transgenic T cells counted.
Statistical analyses. Comparison of the percentage of animals with clinical disease between any two groups of mice was analyzed using Fisher's exact test on Instat software (Graphpad Software Inc., San Diego, California, USA).
Results

Short-term CD154 blockade results in long-term inhibition of EAE induction.
Short-term blockade of CD154-CD40 interactions effectively inhibits the induction of EAE for up to 40 days after immunization (6, 8, 26, 27) . More recently, we have shown that anti-CD154-induced protection is not the result of a Th1-to-Th2 switch; rather, blockade delays the peak and diminishes the magnitude of the peripheral myelin peptide-specific Th1 response and downregulates T cell effector function in the CNS (16) .
Since T cells with encephalitogenic potential continue to be induced in the periphery of SJL mice treated with anti-CD154 at disease induction, yet no clinical disease is observed over the first 40 days, we examined the long-term capacity of CD154 blockade to inhibit disease development. Treatment with MR-1 at time of immunization resulted in the long-term inhibition of clinical disease induction (Figure 1a) . Control-treated mice demonstrated 100% disease incidence within the first 20 days, while only 2 of 16 mice (12.5%) treated with MR-1 antibody developed mild, short-lived clinical signs of disease, after the initial 40 days. Long-term inhibition of clinical disease correlated with the histopathology scores from spinal cord sections taken from representative mice 100 days after cessation of treatment (106 days after immunization) ( Figure 1 , b and c; Table 1) , where very few immune cell infiltrates and no demyelination was observed in MR-1-compared with control antibody-treated mice. Thus, shortterm treatment of mice from the time of immunization resulted in nearly complete inhibition of EAE.
Anti-CD154 treatment inhibits in vivo PLP139-151-specific antibody and DTH responses. While CD154 blockade inhibited induction of EAE, we wanted to determine how effective the antibody treatment was at blocking CD40 ligation in vivo. IgG isotype switching is CD40-dependent, as demonstrated in human hyper-IgM syndrome and also in the murine CD40 or CD154 knockouts, where little or no antigen-specific IgG isotypes can be produced (28) (29) (30) . As shown in Figure 2a , the PLP139-151-specific serum IgG antibody response is dramatically reduced at 25 days after priming, but not completely ablated by CD154 blockade at the doses used.
We have previously shown that DTH responses to PLP139-151 were inhibited for up to 25 days after anti-CD154 treatment (8) . To determine whether this inhibition was maintained, DTH responses were determined in mice 100 days after priming. As shown in Figure 2b , PLP139-151-specific DTH responses were still significantly reduced nearly 90 days after the end of the antibody treatment. However, the DTH was still significantly above background levels in naive mice, reaching approximately two-thirds that of control antibody-treated mice.
Effects of short-term anti-CD154 therapy on in vitro peptidespecific proliferative and cytokine responses. We next evaluated the levels of PLP139-151-specific proliferation and cytokine responses in the lymph nodes and spleens of mice treated with anti-CD154 mAb. No significant differences in the levels of peptide-specific proliferation were observed in either the spleen or the draining lymph nodes of anti-CD154-versus control Ig-treated mice 100 days after immunization (Figure 3a) . Additionally, no significant differences in cell numbers in the lymph nodes or spleens of these mice were observed (data not shown). Cytokine secretion profiles were determined from supernatants of PLP139-151-stimulated lymph node and splenic T cells, and no detectable peptide-specific IL-4 or IL-5 secretion was observed (data not shown). In contrast, equivalent high levels of IL-2 were produced by both lymph node and splenic T cells of anti-CD154-and control Ig-treated animals (Figure 3b) . Similarly, IFN-γ secretion by lymph node T cells from both anti-CD154 and control-Ig treated mice was identical 100 days after immunization (Figure 3b) . However, IFN-γ secretion from splenic T cells was reduced by about 40% in anti-CD154-compared with control-treated animals (Figure 3b ). The reduced PLP139-151 specific IFN-γ secretion observed in the spleens of anti-CD154-treated mice may be due to either reduced numbers of IFN-γ-secreting cells or their reduced levels of secretion. To address this, ELISPOT was used to determine the frequencies of Th0, Th1, and Th2 cells in the lymph node and splenic compartments (Figure 4) . Consistent with the results of the proliferation and IL-2 secretion assays, no significant difference in the frequencies of IL-2-secreting cells was observed in the draining lymph node or splenic compartments. This was also true for the frequencies of IL-5-secreting cells, although very few IL-5-secreting cells were identified in either group at this late point. In contrast to the reduced IFN-γ levels secreted by splenic T cells as determined by ELISA (Figure 3b) , there was no significant difference in the frequencies of IFN-γ-secreting cells from anti-CD154-versus control-treated mice. This suggests that comparable numbers of Th1 cells appear in the lymph node and splenic compartments in anti-CD154-and control-treated mice. The levels of IFN-γ production by T cells from the splenic compartments of anti-CD154 versus control-treated mice, on a per-cell basis, are marginally reduced. However, these cells can and do secrete significant amounts of Th1 cytokines such as IFN-γ.
CD154 blockade does not inhibit the early expression of homing receptors on antigen-specific T cells.
Recently, we showed that CD154 blockade resulted in the inhibition of T cell effector function in the CNS of recipients of encephalitogenic T cell transfers by inhibiting the expansion and/or retention of the effector cells in the target organ (16) . We thus examined the effect of short-term antibody therapy on early antigen-induced expression of homing receptors involved in T cell trafficking to the CNS. BALB/cAnNCr mice were treated intraperitoneally with 200 µg of control Ig or anti-CD154 every day over a 4-day period. On day +1, 5 × 10 6 naive OVA323-339-specific DO11.10 T cells were transferred to each treatment
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The Table 1 . Sections demonstrate the continued normal appearance of spinal cord from anti-CD154-treated versus extensive immune cell infiltration, demyelination, and scarring observed in control Ig-treated mice. group and the mice were immunized subcutaneously with 500 µg of OVA323-339/CFA. On day +3, the expression of various homing receptors was assayed on OVA323-339-specific T cells in the draining lymph nodes. As shown in Figure 5 , the expression levels and percentages of T cells expressing homing receptors important for trafficking of T cells to inflammatory sites were comparable on DO11.10 T cells from mice treated with anti-CD154 or control antibody. This was true for homing receptors critical for T cell entry into the CNS, i.e., CD44 and CD49d (very late antigen-4 [VLA-4]) (Figure 5, a and b) , and for other homing receptors including CD62L and E-and P-selectin ligands ( Figure 5 , c-e).
Since E-and P-selectin ligands are dependent upon IL-12 secretion by antigen-presenting cells (APCs) during T cell differentiation, it appears likely that IL-12 secretion is largely unaffected by anti-CD154 treatment.
T cells from asymptomatic anti-CD154-treated mice have encephalitogenic potential.
It appears that significant numbers of self-reactive PLP139-151-specific Th1 cells circulate throughout the mouse immune system in anti-CD154-treated mice in numbers comparable to those of hamster Ig-treated controls. However, clinical disease is not readily observed in anti-CD154-treated animals, even 90-100 days after immunization, when the mAb will in all likelihood have been cleared. To determine whether these peripheral PLP139-151-specific Th1 cells had the ability to contribute to clinical EAE, splenic T cells were isolated from anti-CD154-and control-treated mice 30 days after immunization. These cells were then transferred to naive recipient mice with or without addition of encephalitogenic Th1 cells obtained from the draining lymph nodes of mice 10 days after PLP139-151/CFA immunization and activated for 4 days in vitro with PLP139-151. As expected, in vitro-activated PLP139-151-specific T cell blasts could transfer clinical EAE to naive SJL recipients ( Figure 6 ). Cotransfer of splenic CD4 + T cells from either anti-CD154-treated or control Ig-treated mice, with peptide-specific T cell blasts, caused a significant worsening of clinical disease in recipient mice. In other experiments, the cotransfer of (Figure 6) . However, neither splenic population was capable of initiating development of clinical disease de novo in the recipients when given alone.
Discussion
CD40 ligation has been shown to play a central role in the induction and pathogenesis of many experimental diseases, and blockade of this interaction has shown great therapeutic potential in many models of autoimmunity (6-8, 10-12, 17, 22, 27, 31, 32) , transplantation (33) (34) (35) (35) (36) (37) , and arteriosclerosis (38, 39) . In EAE, blockade or elimination of the CD154-CD40 ligand pair interaction has been shown not only to prevent induction (6) (7) (8) 27 ), but, more importantly, to inhibit relapses when used for treatment of ongoing disease (8) . Ligation of CD40 in the CNS by CD154 on infiltrating encephalitogenic T cells has also recently been shown to be essential for the induction of optimal T cell effector function within the target organ (15, 16) . This conclusion is supported by the observations that induction of CD40 or CD40L expression on solid tumor cells (40, 41) or on skin keratinocytes (42) results in heightened T cell responses. Thus, CD154 blockade may primarily act to prevent T cell engagement in the CNS and subsequent recruitment of inflammatory cells, rather than affecting Th1 cells once they have become activated within the CNS.
We have previously reported that CD154 blockade concomitant with myelin peptide priming does not result in the preferential induction of specific Th2 versus Th1 cells in response to either PLP139-151 or the non-self OVA323-339 peptide (16), as had been proposed to be the mechanism of inhibition (27, 43) . The numbers of Th1 cells produced at the peak of the immune response (days 10-12 after immunization) were 40-50% lower in anti-CD154-than in control Ig-treated mice (16) . However, at day 100 after
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Figure 4
Frequencies of PLP139-151-specific Th1, Th2, and Th0 cells are comparable 100 days after immunization in control-and anti-CD154-treated mice. Splenic and lymph node CD4 + T cells were taken 100 days after immunization, and ELISPOT was used to determine the frequencies of Th1 (IFN-γ-secreting) cells, Th2 (IL-5-secreting) cells, and Th0 (IL-2-secreting) cells from lymph node and splenic compartments of control-and anti-CD154-treated mice. Data, shown as mean ± SEM, were obtained from three pooled samples and represent two separate experiments.
Figure 5
Short-term anti-CD154 therapy does not affect the early expression of homing receptors on OVA323-339-specific transgenic T cells in the draining lymph node. Five million DO11.10 transgenic OVA323-339-specific T cells were transferred to naive BALB/c recipients, and the recipients were immunized with 500 µg of OVA323-339/CFA and treated with either control Ig or anti-CD154 as described in Methods. Three days after immunization, lymph node cells were obtained and flow cytometric analysis of homing receptors evaluated ex vivo on KJ1-26 cells. Antigens critical for T cell entry into the CNS (CD44 and CD49d; a and b) and into the lymph node (CD62L; c), and IL-12-dependent homing receptors (E-and P-selectin ligands; d and e), were evaluated. Control antibody staining is indicated by the dashed line, staining in control Ig-treated mice by the black line, and staining in anti-CD154-treated mice by the gray line. Data are representative of three separate experiments.
immunization (Figure 4) , there is no significant difference in the frequencies of peptide-specific Th1 or Th2 cells, confirming that the that long-term Th1/Th2 balance is largely unaffected by CD154 blockade. It is possible that the reduced amplitude in acute-phase maximal response to encephalitogenic antigen plays a central role in determining the effectiveness of CD154 blockade in inhibiting Th1 effector function within the CNS. This argument is supported by the fact that, at the dosages used, a delay in treatment until later in disease is less effective (7) . These observations raise a number of important questions regarding CD154-directed immunotherapy. First, given that a significant Th1 response is induced in the presence of anti-CD154 blockade, what is the long-term efficacy of CD154 blockade at inhibiting the induction of clinical autoimmune disease? Second, is Th1 differentiation functionally different under the influence of CD154 blockade? Most importantly, can autoantigen-specific Th1 cells that differentiated in the presence of anti-CD154 treatment later contribute to clinical disease? We show that short-term anti-CD154 treatment of mice at the time of immunization results in long-term inhibition of disease (Figure 1 ). While 2 of 16 mice (12.5%) did break through, disease onset was significantly delayed and the mice demonstrated very mild clinical disease. In contrast to its long-term therapeutic efficacy, anti-CD154 therapy does not have a longterm inhibitory influence on Th1 development. One hundred days after immunization, anti-CD154-treated mice did not show any significant difference in frequency and showed only mild reduction in IFN-γ secretion in vitro compared with controls. However, Th1 cells appear less effective in mediating DTH responses, even 100 days after immunization when the anti-CD154 antibody has been cleared from the mouse. Thus, while Th1 cells appear to be functional in vitro, they demonstrate a functional deficit in vivo that cannot be simply explained by fewer circulating cells at this time point. In this regard, there are some important differences between T cell activation in animals treated with anti-CD154 and in CD40 knockout mice. CD40 knockout mice do not display a sustained immune response to immunizing antigens (17) (18) (19) (20) . This is in direct contrast to anti-CD154-treated mice, in which ongoing immune responses can be seen even 100 days after immunization (Figures 2-4) (16) . Although we show that CD154 blockade almost completely ablated PLP139-151-specific B cell responses 25 days after immunization (Figure 2a) , based on the maintenance of antigen-specific responses of lymph node T cells, there appears to be little long-term effect on dendritic cell function, compared with the dramatic dendritic cell deficit observed in CD40 knockout mice (17) . We are currently addressing the possibility that high levels of CD40 engagement results in the classical Th1 skewing through induction of IL-12 (14) , while only low levels of CD40 engagement may be needed for APC survival and maintenance of the immune response.
We also show that antigen-specific T cells from anti-CD154-treated mice have normal percentages and expression levels of two homing receptors relevant to entry into the CNS (CD44 and CD49d) as well as other homing receptors (P-selectin ligand and E-selectin ligand), the latter two being critically dependent upon IL-12 for their expression (44) (45) (46) . We are currently examining whether CD154 blockade affects APC production of IL-12 and under what conditions IL-12 can be inhibited, since IL-12 may be induced in a CD40-dependent or -independent manner (23, 47) .
Most interestingly, we show ( Figure 6 ) that peripheral PLP139-151-specific T cells in asymptomatic anti-CD154-treated mice retained their encephalitogenic capacity. This was demonstrated by their ability to enhance clinical disease severity when cotransferred to naive recipients with suboptimal numbers of PLP139-151-specific in vitro-activated T cell blasts. Thus, T cells primed in the presence of CD154 blockade display in vitro and in vivo functional capabilities comparable to those of T cells from control Ig-treated mice and continue to persist for at least 100 days following cessation of the antibody treatment. The fact that shortterm CD154 blockade results in long-term inhibition of clinical disease suggests that these persistant and circulating myelin-specific Th1 cells do not cause disease. Indeed, we found that transfer of splenic T cells from MR-1-treated mice alone does not result in clinical disease, but that they contribute to disease only when given in conjunction with in vitro-activated encephalitogenic T cells. The transferred cells must therefore be recruit- ed to the CNS by lymph node-derived, in vitro-reactivated, encephalitogenic cells. Since these cells do not readily induce clinical disease, either upon adoptive transfer or in the immunized MR-1-treated donor animal, the long-term effectiveness of MR-1 therapy may therefore lie in its ability to prevent the initial effector function and recruitment of host inflammatory cells within the CNS through blockade of chemokine secretion and APC engagement (15, 16) . Once this diseaseinitiating period has passed, the remaining peripheral cells are no longer capable of initiating disease. Our data suggest that such disease-provoking cells are present only transiently in the initial wave of the immune response. This argument is further supported by the fact that CD154 blockade is only transiently effective in inhibiting disease, in that mice immunized with encephalitogenic antigen, treated with MR-1, and then later reimmunized develop acute EAE (48) . Alternately, it is possible that CD154 blockade promotes the activation of a regulatory population that prevents the encephalitogenic action of the peripherally antigen-specific cells, which might explain the continued reduction observed in DTH responses to the immunizing antigen. We are currently addressing this hypothesis.
These data raise a potentially important caution when considering the immunotherapeutic potential of anti-CD154 treatment. For MS, in which disease induction and clinical relapses have been associated with virus infections (3), anti-CD154 antibody therapy may only be effective in treating forms of disease not associated with a persistent or latent CNS infection that could lead to renewed inflammatory and cellular recruitment signals. However, where it may be effective is in a therapeutic setting in which disease may have originally been caused via molecular mimicry or bystander activation during a transient viral infection either in the CNS or in the periphery (5), but that viral presence is not persistent.
Collectively, our current and previous (8, 16 ) results indicate that although frequency and function of Th1 cells are delayed and reduced in the short term by anti-CD154 treatment, peripheral immune responses eventually develop at significant levels and are maintained over a long period of time. The data suggest that during the induction of the autoimmune response, T cells are produced that can initiate an immune reaction in the CNS, but that this is a transient event that must occur during a specified time interval. We further show that T cells induced under the cover of CD154 blockade are capable of contributing to clinical severity, but not initiation of clinical disease. That these cells remain circulating and are maintained for such a long time without causing clinical disease suggests that they may contribute only when another initiator cell type is induced. This has potentially important clinical consequences in recurrent or chronic autoimmune disease. These peripheral cells may potentially contribute to the increased clinical disease that accompanies epitope spreading whereby the initial epitope-specific T cells are activated and cause clinical disease, releasing new antigens to the immune system. The T cells specific for the initial epitope may not be central to the initiation of relapse but may contribute to clinical disease initiated by T cells activated to endogenous antigens. It is also possible that these T cells could be reactivated by innate immune signals induced by a subsequent infection. This suggests that a prudent direction for immune intervention with CD154 blockade would be to combine this treatment with additional immunosuppressive therapies to prevent their possible reexpression of critical homing molecules and/or reactivation of their encephalitogenic effector functions.
